Abstract-We consider a cognitive radio network consisting of a primary cellular system and a secondary cognitive machine-tomachine (M2M) system, and study the throughput enhancement problem of the latter system employing universal-filtered orthogonal frequency division multiplexing (UF-OFDM) modulation. The downlink transmission capacity of the cognitive M2M system is thereby maximized, while keeping the interference introduced to the primary users (PUs) below the pre-specified threshold, under total transmit power budget of the secondary base station (SBS). The performance of UF-OFDM based CR system is compared to the performances of OFDM-based and filter bank multicarrier (FBMC)-based CR systems. We also propose a near-optimal resource allocation method separating the subband and power allocation. The solution is less complex compared to optimization of the original combinatorial problem. We present numerical results that show that for given interference thresholds of the PUs and maximum transmit power limit of the SBS, the UF-OFDM based CR system exhibits intermediary performance in terms of achievable capacity compared to OFDM and FBMC-based CR systems. Interestingly, for a certain degree of robustness of the PUs, the UF-OFDM performs equally well as FBMC. Furthermore, the percentage rate-gain of UF-OFDM based CR system increases by a large amount when UF-OFDM modulation with lower sidelobes ripple is employed. Numerical results also show that the proposed throughput enhancing method despite having lower computational complexity compared to the optimal solution achieves near-optimal performance.
I. Introduction
S TUDIES have found that large portion of the allocated/licensed bands is severely underutilized in both spatial and time domain [1] , [2] . Allocating frequency bands exclusively to specific users/operators provides no guarantee that the bands are used efficiently. One promising solution to this spectrum scarcity problem is to use cognitive radio (CR) technology [3] . In a CR system, users of the primary (licensed) system (PUs) have the exclusive right or highest priority to access the assigned spectrum, but secondary (unlicensed) system can use the licensed spectrum opportunistically as long as it does not cause harmful interference to the primary system. In fact, a major issue in interference-tolerant CR networks in 5th generation (5G) has been how to effectively manage the mutual interference of primary and secondary systems [4] .
Machine-to-machine (M2M) communications is an emerging and imminent communication paradigm. It enables ubiquitous and autonomous connectivity between devices and requires minimal or no human intervention [5] , [6] . M2M technology establishes intelligent communication between things, i.e., it acts as an enabling technology for the realisation and implementation of Internet-of-Things (IoT) [7] . Furthermore, M2M communications is regarded one potentially disruptive technology that will lead changes in both architectural and component design for 5G networks [8] . The authors in [8] , [9] argue that 5G networks should have native support for M2M communications. Furthermore, 3GPP has been investigating the feasibility of low-cost machine type communications terminal class in long-term evolution (LTE) networks Release 12 [10] . Some of the main technical challenges of conventional capillary or cellular M2M networks [11] include spectrum scarcity or resource constraints, interference between co-existing M2M networks due to a multitude of connected devices, energy efficiency and device heterogeneity.
To overcome these technical challenges, the authors in [12] proposed a new communication paradigm, namely cognitive M2M (M2M communications employing CR technology), which enhances flexibility, efficiency and reliability of M2M communications. Because of its dynamic spectrum access capability, cognitive M2M not only enhances the spectrum utilization efficiency but also exploits alternate spectrum opportunities. Additionally, cognitive M2M is inherently armed to handle the challenges of energy efficiency and interference management. Moreover, cognitive M2M unveils new application areas for M2M communications. Regardless of active research on conventional M2M communications over the last few years, cognitive M2M communications still remains a greatly unexplored area with only a small number of studies.
In cognitive M2M communications, each terminal has low traffic volume. Furthermore, the low-cost machine type communications devices have limited mobility, and typically operate with low transmission power. In general, the underlying available channel is divided into a number of fixed length time slots, each able to carry a small single packet, and is based on time division duplex (TDD) mode of operation. Additionally, in cognitive M2M bidirectional communication, the system needs to have support for small control message signaling, e.g., uplink sounding and downlink synchronization. In lowlatency and delay sensitive M2M application, e.g., smart grid recovery operation, the system should support very fast access to the network. Therefore, the modulation scheme employed in multicarrier cognitive M2M communications needs to (i) offer the ability to enable faster TDD switching, (ii) support transmission with very short transmission time intervals, (iii) support small control message signaling, and (iv) support efficient small packet transmission.
Existing Multicarrier CR Systems and Their Limitations. Multicarrier modulation techniques have been regarded as strong contenders for CR systems because of their flexibility in allocating radio resources to the users of the secondary system (SUs). Mutual interference between the primary and secondary system is regarded as a performance limiting factor since (i) PU and SU are deployed on adjacent bands and they may employ different access technologies [13] . The transmitting power and the spectral separation between the primary and secondary systems decide the intensity of the mutual interference. The PUs in orthogonal frequency division multiplexing (OFDM) based CR system, experience high interference caused by the secondary system transmission due to the presence of strong sidelobes in its filter frequency response. Furthermore, addition of cyclic prefix (CP) deteriorates spectral efficiency.
Finding an appropriate substitute for OFDM remains a fundamental issue in 5G technology. A basic requirement of 5G is a flexible air interface where the multicarrier attributes like subcarrier spacing is optimisable depending on specific system requirements. One of the contender waveforms is filterbank multicarrier (FBMC) [14] , [15] . However, For short burst transmissions and control message signaling channels, FBMC suffers from lack of efficiency [16] . FBMC also exhibits high time domain overheads [17] , which is not suitable for bursttype (or small packet) data transmission. Although FBMC is better suited than OFDM in theory, practical considerations determinate many issues of the former technology. These drawbacks and limitations exhibited by OFDM and FBMC have led some companies and organisations to transfer their focus to finding a multicarrier modulation scheme suitable for cognitive M2M applications.
Universal-filtered OFDM (UF-OFDM), A Suitable Choice. Recently, a new multicarrier waveform called universal-filtered OFDM (UF-OFDM) [14] , [15] , also referred to as UF-OFDM, has attracted a great deal of attention due to its better efficiency in handling IoT traffic than OFDM. The latter is currently the transport mechanism base for LTE and LTE-Advanced systems, and it applies filtering functionality to the whole frequency band. On the other hand, FBMC applies filtering on a per subcarrier, therefor, requiring very long filter lengths. Multicarrier scheme UF-OFDM filters a group of consecutive subcarriers, therefore, shortening the filter length compared to FBMC, and becomes adjustable depending on types of applications. As a result, UF-OFDM can be a well-suited modulation technique for CR systems including option for short burst transmissions with low power consumption and high efficiency, e.g., cognitive M2M communications, MTC communications and uplink control signaling [18] , [19] .
UF-OFDM can be regarded as a generalization of this principle that collects the advantages exhibited by OFDM and FBMC while avoiding their drawbacks. According to [17] , UF-OFDM offers the ability to enable faster TDD switching: (i) to support transmission with very short transmission time interval, (ii) to support efficient small packet transmission, (iii) to support small control signaling messages, e.g., uplink sounding and downlink synchronization, which make it wellsuited for short packet transmission. In addition, UF-OFDM offers great advantages for a network with distributed transmitters and efficiently reduce the intercarrier interference resulting from poor time/frequency synchronization [20] .
Note that UF-OFDM with filter length 1 is identical to non-CP OFDM. Due to this close relationship, reusing existing OFDM transceiver parts is easy. At the UF-OFDM receiver, after 2-N fast Fourier transform, picking each second output and dividing by the frequency response of the filter, yields the same frequency domain scalar per-subcarrier processing as in OFDM. As a result, all existing OFDM channel estimation algorithms can be directly reused by UF-OFDM. In addition, FBMC is not orthogonal with respect to the complex gain as it employs offset-QAM [32] . As a result, additional guardband needs to be incorporated to separate uplink transmissions (same hold for downlink transmission if complex precoding is applied) from different M2M entities. On the other hand, UF-OFDM is orthogonal with respect to the complex plain as it employs QAM like OFDM. Therefore, it is not necessary to add extra guardbands between the transmissions of different M2M entities. So, UF-OFDM offers better time-frequency efficiency for cognitive M2M system compared to FBMC.
Prior Works. As of today, literature about resource allocation in CR networks is vast. However, they are either focused on the multicarrier modulation scheme OFDM or FBMC. For instance, in [21] , the authors investigated an optimal power loading algorithm for OFDM-based CR system and studied the impact of subcarrier nulling mechanism on the performance. In [22] , the authors studied the optimal power allocation strategies for achieving ergodic and outage capacity of a CR system under various types of fading models and power constraints. In [23] , the authors proposed a new optimization criterion referred to as rate loss constraint instead of conventional interference power constraint to CR systems resource allocation optimization. In [24] , the authors considered an OFDM-based CR system and formulated the resource allocation optimization problem as a multidimensional knapsack problem and proposed a greedy max-min algorithm to solve it. There is also a plethora of literature about FMBC-based CR networks. In [25] , the authors introduced FBMC as a potential candidate for CR systems and performed investigation on spectral efficiency by balancing the trade-off between interference power caused to the PUs and throughput of SUs. In [26] , authors studied the effects of combined spectrum sensing and resource allocation for FBMC-based CR system under frequency selective fading channel. In [27] , the impact of time synchronization error on the performance of multicarrier based CR system in a spectrum coexistence context considering CP-OFDM and FBMC modulation schemes was studied. In [28] , the authors proposed a suboptimal solution for the problem of resource allocation in multicarrier-based CR system considering both modulation schemes, OFDM and FBMC, and compared their performance. To the best of the authors' knowledge, no study so far has analysed the performance of UF-OFDM based CR system, especially in the context of cognitive M2M networks.
Rationale and Contributions. Motivated by the above-mentioned advantages of UF-OFDM over OFDM and FBMC, and to enable low latency, energy-efficient small packet and small signaling transmission in cognitive M2M networks, this paper deals with UF-OFDM based cognitive M2M system. In view of the following key features, this study comes out to be novel and competitive when compared to the existing literature.
• Two pivotal techniques are properly combined together: i) cognitive M2M and ii) UF-OFDM multicarrier modulation, in order to realize low-latency, small packet machine type communications.
• With the aim of building a computationally reasonable resource allocation scheme in order to optimize the capacity of the cognitive M2M system while protecting the primary system, i.e., keeping the interference power introduced to the primary transmission under pre-specified interference threshold, we propose a two-stage solution by dividing the original combinatorial optimization problem into two subproblems. The proposed scheme is found to be computationally efficient.
• While the subband allocation problem is easily solved via an iterative process, the power allocation problem is handled by transforming it into a second order cone programming (SOCP) optimization problem, which is convex, thus easier to solve. • Comprehensive simulation results over realistic propagation scenarios support desired performance characteristics of the cognitive M2M systems. Organization. The organization of the paper is as follows. While Section II describes the system model and performs instantaneous interference analysis of the UF-OFDM system, Section III provides the problem statement of the resource allocation optimization issue. In Section IV, we propose one low-complexity near-optimal solution. We compare the performance of UF-OFDM based CR system with that of the OFDM-and FBMC-based CR systems in Section V. Finally, Section VI concludes the paper.
II. System Model
Let us consider a CR network, where two systems: (i) the primary system and (ii) the secondary downlink cognitive M2M system, are allowed to coexist and operate in the same frequency range. The primary system refers to the one having license to the legacy spectrum. The users belonging to the primary system have the highest priority to access the assigned spectrum. The secondary M2M system refers to the unlicensed cognitive M2M system and, the users/machines belonging to it, referred to as secondary machines (SMs) can only opportunistically access the spectrum holes not used by the primary system.
It is assumed that the CR network consists of K PU PUs who occupy frequency bands of bandwidths, W 1 , W 2 , · · · , W K PU Hz, respectively. There are K S M SMs in cognitive M2M system. Let K PU and K S M denote the sets of user indices belonging to primary and secondary transmissions, respectively. For simplified analysis, we consider an overlay spectrum sharing approach, i.e., secondary transmission occurs on unoccupied bands only or the SMs are allowed to acquire spectrum resources that are not used by PUs. This approach minimizes the interference to the primary network. The whole bandwidth is divided into N total subbands and the width of each subband equals ∆ f Hz. Let PU l occupy a set of contiguous subbands, S l (W l is integer multiples of ∆ f ) with N l = cardinality of S l . Therefore, the set of subbands available for secondary transmission is given by
where N is the set of all available subbands, and ∪ K PU l=1 N l = N PU is the set of subbands used for primary transmission. The distribution of active and nonactive subbands in the CR system is shown in Fig. 1 . Therefore, the number of subbands available for secondary transmission equals
K S M SMs share N S M subbands among themselves. We also consider that the modulation format or access mechanism employed by the PUs is unknown to the cognitive M2M system.
In the downlink transmission of CR network model considered, in general, we have three instantaneous channel fading gains: (i) channel gain between secondary base station (SBS) and SM k for the nth subband denoted as H ss kn ; (ii) channel gain between SBS and lth PU H sp kn ; and (iii) channel fading gain between lth PU transmitter and SM k for the nth subband denoted as H ps kn . We consider that these instantaneous channel fading gains are accurately known at SBS. However, since PU receiver and SM are not co-located, we assume that SBS can estimate H sp kn from the transmitted signal of PUs by any existing technique such as hidden feedback approach.
With an ideal coding scheme, the transmission rate achieved by SM k on nth subband (n ∈ N S M ), R kn , calculated using Shannon capacity formula, is given by
where P kn is the corresponding transmit power and σ 2 n is the mean variance of the additive white Gaussian noise (AWGN) on nth subband.
n is the amount of interference power introduced into the nth subband due to primary transmission on lth PU band. We assume that PUs' transmit signals are Gaussian distributed, and SM does not have knowledge about the codebook employed by the PUs. As a result, we can model the interference introduced to SMs by the PUs as AWGN. However, assuming the interference to be Gaussian distributed may not hold valid for a small number of PU bands, but can be considered a good approximation when a large number of PU bands are available. In what follows, we describe the mathematical models for Interference between the PUs and SMs.
A. UF-OFDM Power spectral Density and Instantaneous Interference Analysis UF-OFDM employs Dolph-Chebyshev filters as a feasible ad hoc choice. We have applied this filter (with design parameters α (sidelobe attenuation) and filter order N) at the SBS to transmit data to the SMs. Dolph-Chebyshev filter minimizes the Chebyshev norm of the sidelobes for the desired mainlobe width, where the filter establishes the sidelobes' norm to -α dB. One notable property of Chebyshev window is that sidelobes attenuation remains same at all frequencies, which is unlike the filters employed in OFDM (rectangular window) and FBMC (PHYDYAS) [32] filter that have nonuniform sidelobes attenuation feature.
Based on the nth-order Cheyshev polynomials C n (κ) [29] C n (κ) =
the UF-OFDM filters coefficients in time-domain are defined as 
Since UF-OFDM is RB-wise filtered, outside of the pass-band (subband width) it has a stronger side-lobe decay than OFDM.
In Fig. 2 , we show time domain features of OFDM, FBMC and UF-OFDM waveforms. The impulse responses of the prototype filters of the FBMC and UF-OFDM impose transition phases at the beginning (filter ramp up) and at the end (filter ramp down) of the packet as shown with shaded areas. This time domain features are exemplified through packet transmissions in 2 resource blocks (subbands), each subband with 12 subcarriers. For FBMC, the overlapping factor is 4, and for UF-OFDM, the Chebyshev filter length is 74 with side-lobe attenuation of 40 dB. For short packet transmissions as in M2M communications, this long time domain transients are disadvantageous. Compared to FBMC, UF-OFDM offers very short transient time due to its shorter filter length, which makes it more suitable for machine-type communications.
The total interference introduced to any PU band is a result of accumulation of interferences from all the subcarriers available for cognitive M2M transmission. It is assumed that the cognitive M2M system can use the nonactive PU bands provided that the total interference introduced to the lth PU band does not exceed I (l) th , where I (l) th denotes that the maximum interference power that can be tolerated by the lth PU. The interference due to transmission on nth subband is given by
with
which can be regarded as the interference factor. Here D (l) kn quantifies the distance in frequency between the nth subband (n ∈ N S M ) and the lth PU band. Note that due to the coexistence of primary network and cognitive M2M network in the same frequency range, there exists one more type of interference, which is introduced by the PUs into SMs' bands. For the sake of simplicity, we assume that the interference power introduced to the SMs by the PUs is negligible. Hence, we do not discuss this interference model in details. The interference introduced to the lth PU due to secondary downlink M2M transmission is quantified as
where C kn is the indicator function for the subband n, i.e., C kn = 1 if subband n is assigned to user k, and zero otherwise, so that K k=1 C kn = 1, ∀n ∈ N S M , thus meaning that each subband is assigned at most to one user at a time.
III. Problem Statement
In this UF-OFDM based CR system, our objective is to optimize the total downlink capacity of the secondary cognitive M2M network under total transmit power budget of the SBS while guaranteeing that the interference introduced to the PUs due to secondary transmission remains below the pre-specified interference threshold. Let us define
Without loss of generality, we also consider that the pre-specified interference threshold values for all the PUs are the same to avoid the notational clutter. Therefore, I
(l) th = I th , ∀l, l ∈ K PU . Now the throughput enhancement problem of the cognitive M2M system can be cast as max {C,P}
kn ≤ I th , ∀l ∈ K PU (6) where P max is the available transmit power budget of the secondary system. The first two constraints define the nonsharing subband allocation strategy where one subband can be allocated to only one user. The fourth and fifth constraints define the SBS transmit power budget and interference thresholds of the PUs, respectively. This is a combinatorial optimization problem with both integer-and real-valued variables, and accordingly, searching for its global optimum solution is inherently prohibitive. We propose a near-optimal and computationally efficient solution by subdividing the original optimization problem into two subproblems, i.e., (i) subband allocation and (ii) power allocation under given subband allocation. For simplicity and clarity of explanation, we focus only on the case of employing the nonactive subbands by the SMs. The proposed approach can be extended to situations in which both active and nonactive bands are used for cognitive transmission. In the following, we describe our proposed nearoptimal resource allocation optimization solution to enhance the throughput of the cognitive M2M system.
IV. Proposed Solution For the proposed computationally efficient resource allocation solution, we follow a two-phase optimization process. In the first phase, we employ a suboptimal subband allocation scheme, where the available subbands are allocated to the SMs in such a way all the SMs are treated fairly. In the second phase, for the given subband allocation, we optimally allocate the available SBS transmit power among the SMs.
Phase 1: Subband Allocation-In [33] , [34] , the authors have shown that for a multicarrier communication system, in order to maximize the total throughput, each subband needs to be allocated to the user with the best gain on it. However, a user or a group of users may suffer from poor channel gains due to large path loss and fading. Therefore, although allocating the subbands to the users who have the best gains on them will maximize the system capacity, sometimes it may happen that a user or some users do not get assigned with any subband. From the users' perspective, in our proposed iterative subband allocation scheme, we incorporate a notion of fairness among the users, through allowing the user with minimum achieved rate to get assigned a subband in each iteration. The subband allocation process in provided in Algorithm 1.
end Algorithm 1: Subband allocation among the SMs At the beginning of the subband allocation process, initialization of all the variables is performed. N S M is the set of yet unallocated subband indices and R k keeps track of the capacity for each SM. Thereafter, the second step, i.e., the for loop allocates to each SM the unallocated subband that has the maximum gain for that SM. Note that an inherent advantage can be gained by the SMs that are able to acquire their best subbands earlier than others, in particular, for the case of two or more SMs having the same subband as their best. However, this bias is negligible when N S M >> K since the probability of such happening will be very low. The third step, i.e., the while loop assigns subbands to each SM according to the greedy policy that the SM that needs a subband most in each iteration gets to acquire the best subband for it. Since we opt to enforce coarse fairness among the SMs such that all the SMs are treated fairly by the resource allocation processes, the need of a SM in each iteration is determined by the SM who has the least capacity achieved so far until there are no more unallocated subbands.
Phase 2: SOCP Based Optimal Power Distribution-For the given subband allocation in Phase 1, we distribute the power optimally among the SMs in order to maximize the throughput. Since the subband allocation is already done, i.e., C is known, the throughput optimization problem is now a function of only one set of variables, which is P. Since we employ a non-sharing subband allocation, we can express the channel gains and transmit power variables as the following
i.e., we get rid of binary integer variables C kn , and as a result, the power distribution optimization problem can be cast as
In the following, we transform the power distribution optimization problem in (7) as an SOCP problem. Note that optimization of the new objective function into one with hyperbolic constraints [35] as discussed below. The example below is for the case of N S M = 4. max υ 3 subject to
In transforming the geometric mean optimization problem above as an SOCP, we have applied the fact that an inequality of the form y be ≥ 0. Here, the constraints of the form υ 2 i ≤ η 1 η 2 are hyperbolic constraints. For hyperbolic equations in the form: z 2 ≤ xy, x ≥ 0, y ≥ 0 with z ∈ R n×1 and x, y ∈ R, the equivalent SOCP is given by z
≤ x+y [35] . This hyperbolic transformation makes the optimization problem a convex one as SOCP problems are the types of convex optimization problems. The detailed process of transforming the geometric mean optimization problem into SOCP can be found in [35] .
V. Performance Analysis
A multicarrier system with 3 PUs and 32 subbands is considered, i.e., K PU = 3 and N = 32. The values of ∆ f and P max are assumed to be 0.3125 MHz and 1 watt (unless otherwise specified), respectively. AWGN of variance σ 2 n = 10 −6 is considered. Without loss of generality, the interference induced by PUs to the SMs band is assumed to be negligible. The channel power gains H ss kn and H sp kn are Rayleigh distributed random variables with mean equal to 1 and considered to be perfectly known at the SBS. The widths of the PU frequency bands {W 1 , W 2 . · · · , W L } and the spectrum holes are randomly generated with the total bandwidth used by the primary system being uniformly distributed between the equivalent of 16 to 20 subbands.
The downlink transmission capacity of the SMs versus interference introduced to the PUs' bands is plotted for OFDM, FBMC and UF-OFDM with various sidelobes attenuation factor in Fig. 3 . It is seen that the spectral efficiency of the CR system can be improved by relaxing the interference threshold of the primary system. Furthermore, UF-OFDM modulation based CR system experiences intermediary performance between OFDM and FBMC-based CR systems. OFDM-based CR system achieves the lowest downlink capacity compared to FBMC and UF-OFDM based CR systems. When the maximum amount of interference that can be tolerated by the PUs is very small, i.e., for non-robust PUs, FBMC exhibits the best performance among these three modulation schemes. Note that the achievable downlink capacity for UF-OFDM based system depends on the chosen value for desired sideband attenuation. The higher the value of sideband attenuation factor α, the better the achievable downlink capacity. As the interference threshold values increase, therefore, for robust PUs, the achievable capacity of FBMC and UF-OFDM based CR system seem to merge depending on the chosen ripple factor and pre-specified interference threshold.
In Fig. 4 , we show PU's %rate-loss versus SMs' %rate-gain when pre-specified interference threshold of the PUs is varied. It is observed that the PU's %rate-loss increases with I th . For a certain range of I th values, for example, [-50 dBw -10 dBw], there is a steep rise in the %rate-loss. On the other hand, we observe the opposite phenomena for SMs, where the SMs have increase in %rate-gain when I th increases. The rate of increment of the %rate-gain is higher when UF-OFDM with lower sidelobe attenuation factor is employed. As we employ UF-OFDM with higher sidelobes attenuation, the %rate-gain decreases by a large amount, almost remains flat, especially when the PUs are very robust.
In interference-tolerant CR networks in 5G, a practical and reliable way to manage the mutual interference of CR and primary systems is by regulating the transmit power, which is essential for the CR system to coexist with the primary system. In order to comply with the pre-specified interference threshold of the PUs, the SBS needs to regulate its transmit power, and as a result, sometimes the SBS cannot fully exploit the maximum benefit out of its available power budget. This is clearly demonstrated in Fig. 5 , where we show the %power-loss of the SBS for different multicarrier modulation schemes when the pre-specified interference threshold value is varied. It can be observed that OFDM-based CR system experiences the maximum %power-loss, whereas FBMC-based CR system does not suffer from %power-loss at all over the varying I th values. On the other hand, UF-OFDM based system suffers much lower %power-loss compared to the OFDM-based CR, and the characteristics of the power-loss curves depend on the robustness of the PUs and predefined sidelobes attenuation factor α. For example, when the PUs are moderately robust Fig. 5 . Percentage power-loss of the SBS with P max = 1 watt. The loss is calculated as, %power-loss = 100 − P used,I th /P max × 100, where P used,I th is the actual amount of transmit power used by the SBS in order to satisfy the pre-specified interference threshold I th .
(I th ∈ [−30 − 20]) dBw, UF-OFDM-based CR system does not experience any %power-loss even with lower α. However, for non-robust PUs, the %power-loss experienced by the UF-OFDM based CR system increases, and the amount depends on the chosen value of α, as can be seen from Fig. 5 .
From the view of computational complexity of the proposed near-optimal resource allocation solution, it is computationally efficient when compared to the original combinatorial optimization problem. For the optimal solution of the combinatorial problem, finding optimal subband assignment requires K N S M S M searches (exhaustive search). Hence, the overall optimization requires O(N S M K N S M S M ) operations, which is exponentially complex. Whereas, the computational complexity of our proposed DSP algorithm is composed of two parts, namely (i) subband allocation among the M2M entities in Algorithm 1 with complexity of O(K S M N S M ) and (ii) the complexity pertaining to solving SOCP for optimal power allocation, which is polynomial in time [36] .
VI. Conclusions
In this paper, we consider and investigate the resource allocation optimization problem for a UF-OFDM based cognitive M2M network. Instantaneous interference power analysis for UF-OFDM has been carried out. It has been found that UF-OFDM based cognitive M2M performs considerably better than the OFDM-based CR network in terms of achievable cognitive M2M capacity and percentage power loss. For a primary system with robust PUs, the UF-OFDM system works equally well as the FBMC system. However, for the primary system with non-robust PUs, it has been found that using UF-OFDM modulation with higher sidelobe attenuation factor in beneficial. Furthermore, the proposed near-optimal resource allocation solution is computationally very efficient.
Although we have considered that the cognitive M2M system uses only the nonactive or spectrum hole subbands, it is straightforward and can also be demonstrated that the achievable capacity of the cognitive M2M system using the nonactive as well as the active bands is more than that of using the nonactive bands only. Note that in our current study, we have ignored the the interference introduced to the SMs due to primary network's data transmission, which may have noticeable impact on the achievable throughput of cognitive M2M network. We leave consideration of study of impact of interference due to primary transmission on cognitive M2M capacity to future works. Furthermore, perfect channel state information and a small cognitive M2M network have been considered for the sake of simplified performance analysis. We plan to analyse the impact of imperfect channel state information on the achievable capacity of a medium/large cognitive M2M system in our future study.
